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Abstract: I suggest a left-right mirror symmetric particle model as the natural and aes-
thetic extension of the SM. As the left-right mirror symmetry breaking, the tiny neutrino
mass is generated by the radiative mechanism, the baryon asymmetry through the lepto-
genesis arises from the characteristic decay of the TeV-scale mirror charged lepton, and a
KeV-mass sterile Dirac fermion eventually becomes the CDM. The model can completely
account for the common origin of the neutrino mass, the baryon asymmetry and the dark
matter, moreover, profoundly uncover the internal connections among them. Finally, I
discuss several feasible approaches to test the model predictions and probe the new physics
by near future experiments.
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I. Introduction
The standard model (SM) of the fundamental particles has successfully accounted for
all kinds of the particle phenomena at or below the electroweak scale, refer to the relevant
reviews in Particle Data Group [1]. However, the SM has some shortcomings, aesthetically
it is not a left-right symmetric framework, theoretically it can not at all address the three
important issues of particle physics and cosmology: the tiny neutrino mass [2], the curious
matter-antimatter asymmetry [3], and the mystical cold dark matter (CDM) [4]. Up to
now, particle and cosmology scientists have established plenty of experimental data of the
neutrino physics and the baryon asymmetry [1], but the CDM has not yet been detected by
any one terrestrial experiment except for the only evidence from the cosmic observations
[5]. The search for new physics evidences beyond the SM are always the focus of attention
of the experimental physicists, there are worldwide a great deal of running and planed
experiments which are aiming at the above goals. All of the investigations are gradually
revealing the existence of an underlying and more fundamental theory beyond the SM.
What style exactly is this new theory? A wide variety of the extensions of the SM
have been suggested to address the above-mentioned issues in the last half century since
the SM was established. A majority of them only focus on one of the issues and disregard
possible connections among them, only a minority of them take into account an integrated
solution, for example, the grand unified and supersymmetric theories, but these theories
are either unbelievable complexity or unable to be tested. In any case, some inspiring
and outstanding ideas are worth drawing lessons from. The tiny neutrino mass can be
generated by the seesaw mechanism [6] or arise from some loop-diagram radiative gener-
ation [7]. The baryon asymmetry can be achieved by the thermal leptogenesis [8] or the
electroweak baryogenesis [9]. The CDM candidates are possibly the sterile neutrino [10],
the lightest supersymmetric particle [11], the axion [12], and so on. In recent years, some
interesting models have exploited some connections among the neutrino mass, the baryon
asymmetry and the CDM, for instance, the Scotogenic Model [13], the asymmetric CDM
model [14], some sophisticated models [15], and the author’s recent works on this field
[16]. Although progresses on new theory beyond the SM have been made all the time, a
realistic and convincing theory is not established as yet. Therefore, finding out the correct
new theory beyond the SM becomes the largest challenge for theoretical particle physics.
Based on the universe harmony and the nature unification, it is very reasonable and
believable that the tiny neutrino mass, the baryon asymmetry and the dark matter are
related to each other and they have a common origin, in other words, a realistic theory
beyond the SM should be able to unify the three things into a framework. On the other
hand, this new theory should also abide by these two principles: the simplicity of the
theory with fewer number of parameters, the feasibility of testing the theory by future
experiments. If one theory is excessive complexity with too many parameters, then it
is unbelievable, if it is unable to be tested, then it is also insignificant. After careful
considerations and calculations, I here suggest a new left-right mirror symmetric model
as the natural and aesthetic extension of the SM. This model with fewer number of
parameters can completely account for the common origin of the above three things and
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profoundly uncover the internal connections among them. In addition, I give several
feasible approaches to test the model and probe the new physics by means of the TeV-
scale colliders, the neutrino experiments, the µ → eγ LFV, and the high-energy cosmic
rays.
The remainder of this paper is organized as follows. In Section II, I outline the model
and explain the neutrino mass generation. In Section III, I discuss the matter-antimatter
asymmetry generation. The dark sector physics is discussed in Section IV. I give the
numerical results and the model test approaches in Section V. Section VI is devoted to
conclusions.
II. Model and Neutrino Mass
The natural and aesthetic extension of the SM is implemented by introducing the
mirror matter corresponding to the SM matter, meanwhile, the electroweak gauge group is
extended to the left-right symmetric gauge group SU(2)L⊗U(1)Y ×SU(2)R, in addition,
the two symmetries of a global U(1)B−L and a discrete ZM2 are sensibly imposed to
constrain this extension. Tab. 1 in detail shows the model particle contents and its
symmetries, in which I omit the color subgroup SU(3)C since the strong interaction is not
involved in the following discussions of this paper. The SM matter lie in the left-handed
sector, while the mirror matter belong to the right-handed sector, explicitly, the model
has the left-right mirror symmetry. Note that the local U(1)Y and the global U(1)B−L are
common for the two sectors, so the three boson fields of Bµ, φ+, φ0 are also common for
the two sectors, in fact, their mirror particles are respectively themselves, in particular, φ0
is a real scalar field without any charges. The discrete ZM2 symmetry conserves a matter
parity, under which the left-handed sector parity is “+1”, the right-handed sector parity
is “−1” but “+1” for W µR and HR, note that φ+ has “+1” parity and φ0 has “−1” parity.
The neutral singlet fermions N0L and N
0
R are respectively filled in the left-handed sector
and the right-handed one, which will be combined into a Dirac fermion and eventually
become the CDM in the model. More explanations are put in the caption of Tab. 1.
All kinds of the chiral fermions in Tab. 1 have three generations as usual, they
will obtain Dirac-type masses and form into Dirac fermions after the model symmetry
breakings. There are no Majorana-type fermions in the model. By virtue of the fermion
assignments and the explicit left-right mirror symmetry in Tab. 1, it is easily verified that
all of the chiral anomalies are completely cancelled in the model, namely, the model is
anomaly-free.
We can now write the invariant Lagrangian of the model which satisfies the above-
mentioned symmetries, it is composed of the three parts of the gauge kinetic energy terms,
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Left-handed Sector Right-handed Sector
(SM Matter) (Mirror Matter)
Symmetry groups SU(2)L ⊗ U(1)Y × SU(2)R ⊗ U(1)globalB−L ⊗ ZM2
Gauge fields W µL (3, 0, 1)0 , B
µ(1, 0, 1)0 , W
µ
R(1, 0, 3)0
Fermion fields qL =
(
uL
dL
)
(2, 1
3
, 1) 1
3
qR =
(
ξR
ηR
)
(1, 1
3
, 2) 1
3
dcR(1,
2
3
, 1)− 1
3
ηcL(1,
2
3
, 1)− 1
3
ucR(1,−43 , 1)− 13 ξ
c
L(1,−43 , 1)− 13
lL =
(
ν0L
e−L
)
(2,−1, 1)−1 lR =
(
ν0R
χ−R
)
(1,−1, 2)−1
ecR(1, 2, 1)1 χ
c
L(1, 2, 1)1
N0L(1, 0, 1)−1 N
0
R(1, 0, 1)−1
Scalar fields HL =
(
H0L
H−L
)
(2,−1, 1)0 HR =
(
H0R
H−R
)
(1,−1, 2)0
φ+(1, 2, 1)2 , φ
0(1, 0, 1)0
ZM2 parity +1 −1 but +1 for W µR and HR
Table 1: The model particle contents and its symmetries. The color subgroup SU(3)C is
omitted. The bracket following each field indicates its gauge quantum number and the
right subscript of the bracket is its B − L number, in addition, the right superscript of
each component is its electric charge (but the quarks’ charges are unlabelled). Note that
f cR = CfR
T
is a left-handed anti-fermion and f cL = CfL
T
is a right-handed anti-fermion,
where C is the charge conjugation matrix. After the model symmetry breakings, ξ, η
and χ− will become heavy-mass mirror quarks and charged lepton, which can however
decay into the SM quarks and charged lepton. ν0L and ν
0
R will be combined into a tiny-
mass Dirac neutrino through the loop-diagram radiative generation, which is the hot dark
matter (HDM) in the present universe. N0L and N
0
R will be formed into a KeV-mass sterile
and stable Dirac fermion, which is namely the CDM in the model. The four light neutral
particles of N0, ν0R, φ
0, ν0L, whose masses arise from the Z
M
2 breaking at the ∼ 0.1 MeV
scale, successively decouple from the rest of the model particles and disappear into the
dark sector, so they are difficult to be detected at the low energy.
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the Yukawa couplings and the scalar potentials. The gauge kinetic energy terms are
LG = Lpure gauge +
∑
fL
i fLγµD
µfL +
∑
fR
i fRγµD
µfR
+ (DµHL)
†DµHL + (DµHR)†DµHR + (Dµφ+)†Dµφ+ +
1
2
∂µφ
0∂µφ0,
Dµ = ∂µ + igLW
µ
L ·
τL
2
+ igYB
µY
2
+ igRW
µ
R ·
τR
2
, (1)
where fL and fR denote all kinds of the chiral fermions in Tab. 1. gL, gY , gR are three
gauge coupling coefficients associated with the model gauge groups. τi are the three Pauli
matrices and Y is the charge operator of U(1)Y .
The Yukawa couplings are
LY = q
T
LYuu
c
RH
∗
L + q
T
LYd d
c
R ǫHL + l
T
LYe e
c
R ǫHL +
1
2
lTLYLǫ lLφ
+
+ qTRYξ ξ
c
LH
∗
R + q
T
RYηη
c
LǫHR + l
T
RYχχ
c
LǫHR +
1
2
lTRYR ǫ lRφ
+
+ uR Y1ξLφ
0 + dR Y2ηLφ
0 + e−R Y3χ
−
Lφ
0 +N0L YNN
0
Rφ
0 +H.c. , (2)
where ǫ = iτ2 is the two-order antisymmetric tensor. For concision I omit the charge
conjugation matrix C in those couplings of the first two lines, which is by default sand-
wiched between two spinors with the same chirality. The coupling parameters, Yu, Yξ, Y1,
etc., are all 3 × 3 complex matrices in the flavor space, moreover, the leading matrix
element of each coupling matrix should naturally be ∼ O(1). Note that because of the
spinor anti-commutativity and the ǫ antisymmetry, YL and YR must be two antisym-
metric matrices for consistency. In Eq. (2), the ZM2 symmetry not only prohibits the
explicit mass terms such as e−RMχ
−
L , N
0
LMN
0
R, but also prevents the couplings such as
lLN
0
RHL, lRN
0
LHR, e
−T
R N
0
Rφ
+, χ−TL N
0
Lφ
+. Similarly, the B −L conservation prohibits the
terms such as lTLN
0
LH
∗
L, l
T
RN
0
RH
∗
R, e
−
RN
0
Lφ
−, χ−LN
0
Rφ
−. Therefore the Yukawa couplings
are greatly constrained by the model symmetries. Note that N0L and N
0
R can not couple
to any gauge fields since they are both gauge singlets, on the other hand, they have no
couplings to the other fermions owing to the B − L and ZM2 symmetries, so N0L YNN0Rφ0
is the only coupling permitted for them. This thus leads that N0 is naturally a sterile
and stable fermion, eventually, it will become the CDM in the model. After the model
symmetry breakings, the relevant scalar fields will develop their non-vanishing vacuum
expectation values, as a result, Eq. (2) will give rise to all kinds of the fermion masses.
Eqs. (1) and (2) explicitly show the left-right mirror symmetry which is defined as
follows,
uL,R ↔ ξR,L, dL,R ↔ ηR,L, e−L,R ↔ χ−R,L, ν0L ↔ ν0R , N0L ↔ N0R ,
W µL ↔W µR , Bµ ↔ Bµ, HL ↔ HR , φ+ ↔ φ+, φ0 ↔ φ0,
gL = gR, Yu = Yξ, Yd = Yη, Ye = Yχ, YL = YR, Y1,2,3 = Y
†
1,2,3 , YN = Y
†
N . (3)
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This is indeed an aesthetics compared to the SM with many shortcomings. However, the
exact left-right mirror symmetry can be relaxed by those equalities of the last line in Eq.
(3) not being strictly valid.
The full scalar potentials are
VS = µ
2
LH
†
LHL + µ
2
RH
†
RHR + µ
2
+φ
+φ− +
1
2
µ20(φ
0)2
+ λL(H
†
LHL)
2 + λR(H
†
RHR)
2 + λ+(φ
+φ−)2 +
1
4
λ0(φ
0)4
+ 2λ1(H
†
LHL)(H
†
RHR) + [λ2H
†
LHL + λ3H
†
RHR](φ
0)2
+ [2λ4H
†
LHL + 2λ5H
†
RHR + λ6(φ
0)2]φ+φ−. (4)
The value areas of the mass-dimensional and dimensionless coupling parameters in Eq.
(4) can completely control the vacuum configurations, and further determine the model
symmetry breaking chain. It is natural and believable that the self-interaction of each
scalar field is stronger but the interactions among them are weaker, therefore those inter-
active coupling parameters are much smaller than those self-coupling parameters in Eq.
(4). In addition, we assume that the left-right mirror symmetry is explicitly broken by
|µ2L| ≪ |µ2R| ∼ (106)2 GeV2 in Eq. (4), which may arise from some symmetry breaking of
a super-high scale physics, thus HR can first develop a non-zero vacuum expectation value
at the ∼ 106 GeV scale, in later period HL and φ0 are successively induced to develop
non-zero vacuum expectation values at the electroweak scale and the lower scale, but φ+
can not develop a non-zero vacuum expectation value, or it always keeps a vanishing vac-
uum expectation value. On the basis of an overall consideration, we therefore constrain
all kinds of the parameters in Eq. (4) as follows,
(λL, λR, λ+, λ0) ∼ 10−1 > 0 , 10−6 . (|λ1|, |λ2|, · · · , |λ6|) . 10−2 ,
µ2R ≈ −
v2R
λR
∼ −(106)2 GeV2, µ2L < −λ1v2R , µ20 < −λ3v2R , µ2+ > −λ5v2R , (5)
where vR√
2
= 〈HR〉 is the vacuum expectation value of the right-handed doublet scalar, see
the following Eq. (6).
Based on the limits of Eq. (5), we can directly derive the vacuum configurations from
the VS minimum. The vacua of HL and HR are necessarily along the respective neutral
component directions. The scalar sector will eventually appear three neutral and one
charged scalar bosons under the unitary gauge. The detailed results are given as follows,
HL → h
0 + vL√
2
(
1
0
)
, HR → Φ
0 + vR√
2
(
1
0
)
, φ0 → ρ0 + v0 , φ+ → φ+ ,

 v
2
0
v2L
v2R

 =

 λ0 λ2 λ3λ2 λL λ1
λ3 λ1 λR


−1
 −µ
2
0
−µ2L
−µ2R

 ,
v0 ∼ 0.1 MeV≪ vL ≈ 246 GeV≪ vR ∼ 106 GeV,
Mh0 ≈
√
2λL vL , MΦ0 ≈
√
2λR vR , mρ0 ≈
√
2λ0 v0 , Mφ± ≈
√
µ2+ + λ5v
2
R . (6)
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vR is the breaking scale of U(1)Y ⊗ SU(2)R, which is determined by the mirror sector
physics. vL is namely the electroweak breaking scale, which has been fixed by the SM
physics. v0 is the Z
M
2 violating scale, which can be determined jointly by the neutrino mass
and the dark sector physics. The mass-squared matrix of (h0,Φ0, ρ0) is approximately
diagonal on account of the weaker couplings among the different scalars, so we can neglect
the small mixings among them. In Eq. (6), h0 is exactly identified as the SM Higgs boson
withMh0 ≈ 125 GeV.MΦ0 is close to vR, so the heavy Φ0 can not appear in the low-energy
phenomena. mρ0 is around v0, so ρ
0 is a light dark scalar, which will play a role in the
dark sector physics. Mφ± is derived from the two contributions which are respectively the
original mass µ+ and the induced mass from 〈HR〉, however, its reasonable value should be
Mφ± ∼ 104 GeV for the whole fit. φ± will play a key role in generating the neutrino mass
and the baryon asymmetry. In short, the limits of Eq. (5) are natural and reasonable
from phenomenological point of view, they can ensure the vacuum stability and guarantee
the following symmetry breaking chain.
According to the assignments in Tab. 1 and the relations in Eq. (6), the model
symmetries are spontaneously broken step by step through the following breaking chain,
SU(2)L ⊗ U(1)Y × SU(2)R ⊗ U(1)globalB−L ⊗ ZM2
〈HR〉∼106 GeV−−−−−−−−→
SU(2)L ⊗ U(1)Y ′ ⊗ U(1)globalB−L ⊗ ZM2
〈HL〉∼102 GeV−−−−−−−−→
U(1)Qe ⊗ U(1)globalB−L ⊗ ZM2
〈φ0〉∼0.1 MeV−−−−−−−−→ U(1)Qe ⊗ U(1)globalB−L ,
Y ′ = Y + 2IR3 , Qe = I
L
3 +
Y ′
2
= IL3 +
Y
2
+ IR3 , (7)
where Y ′ is exactly identified as the SM hypercharge and Qe is namely the electric charge.
This breaking chain is also aesthetical, the three hierarchical breaking transitions are very
natural since they involve neither super-hierarchy nor super-high energy scale. Note that
the global B−L conservation is inviolate all the while, finally the residual gauge symmetry
is only the local electric charge conservation. In addition, the ZM2 violation in fact occur
in the dark sector, however, it is a surprising coincidence that its breaking scale, namely
〈φ0〉 = v0 ∼ 0.1 MeV, is at the temperature of the nucleosynthesis onset in the SM sector.
Although the spontaneous breaking of ZM2 can lead to the domain walls in the dark sector,
the temperature fluctuation of the CMB produced by them is enough safely within the
observation bound because v0 is too low, namely
δT
T
∼ 10−5√λ0 ( v01MeV)3 ≪ 10−5, refer to
[17], therefore the domain walls have actually no effect on the universe evolution, we can
ignore them in the model.
As a result of the model symmetry breakings of Eqs. (6) and (7), all kinds of particle
masses and mixings are generated through the Higgs mechanism. In the gauge sector, the
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masses and mixing of the gauge fields are given by the following relations,
Dµ → ∂µ + i gL√
2
(W+Lµτ
+
L +W
−
Lµτ
−
L ) + i
gR√
2
(W+Rµτ
+
R +W
−
Rµτ
−
R )
+ igLZ
0
LµQL + ieA
0
µQe + igRZ
0
RµQR,
W±Lµ =
W 1Lµ ∓ iW 2Lµ√
2
, W±Rµ =
W 1Rµ ∓ iW 2Rµ√
2
,

 Z
0
Lµ
A0µ
Z0Rµ

 = U13U12U23

 W
3
Lµ
Bµ
W 3Rµ

 ,
U23 =

 1 0 00 c23 s23
0 −s23 c23

 , U12 =

 c12 −s12 0s12 c12 0
0 0 1

 , U13 =

 c13 0 −s130 1 0
s13 0 c13

 ,
tan θ23 =
gY
gR
, tan θ12 =
gR
gL
sin θ23 , tan θ13 ∼ v
2
L
v2R
,
e = gL sin θ12 , Qe = I
L
3 +
Y
2
+ IR3 ,
QL =
IL3 −Qe sin2 θ12
cos θ12
, QR =
IR3 + (I
L
3 −Qe) sin2 θ23
cos θ23
,
MWL =
vLgL
2
, MZL =
MWL
cos θ12
, mA = 0, MZR =
MWR
cos θ23
, MWR =
vRgR
2
, (8)
where cij = cos θij and sij = sin θij are mixing angles. It can be seen from the QL
expression that sin θ12 is exactly identified as the Weinberg angle of the SM, so sin θ12 =
sin θW ≈ 0.481 is actually fixed. If gR = gL, then sin θ23 = tan θ12 = tan θW is also known.
tan θ13 is very small due to v
2
L ≪ v2R, so we can ignore it. The masses of W±R and Z0R are
∼ 106 GeV, they will decay into the mirror quarks or leptons, but Z0R can also decay into
a pair of the SM quark or lepton in view of their QR 6= 0, for example, Z0R → e− + e+
and Z0R → ν0L + ν0cL , these decays can thus become a source of high-energy cosmic rays.
However, there are no Z0L → ν0R + ν0cR or Z0L → N0 + N0 because both ν0R and N0 have
QL = 0, this is of course consistent with the LEP bound on the invisible decay width of
Z0L.
In the Yukawa sector, the Yukawa couplings of Eq. (2) will undergo the following
three steps of evolutions corresponding to the three steps of breakings in Eq. (7). After
the first step breaking in Eq. (7), 〈HR〉 gives rise to heavy masses of the mirror quarks
and charged lepton, the Yukawa couplings thus evolve into
LY
〈HR〉−−−→ qTLYuucRH∗L + qTLYd dcR ǫHL + lTLYe ecR ǫHL +
1
2
lTLYLǫ lLφ
+
− ξLMξ ξR − ηLMηηR − χ−LMχχ−R + ν0TR YRχ−Rφ+
+ uR Y1ξLφ
0 + dR Y2ηLφ
0 + e−R Y3χ
−
Lφ
0 +N0L YNN
0
Rφ
0 +H.c. ,
Mξ = − vR√
2
Y Tξ , Mη =
vR√
2
Y Tη , Mχ =
vR√
2
Y Tχ . (9)
Mχ,Mη,Mξ should be in the scope from several TeVs to hundreds of TeV. However, the
mirror quarks and charged lepton can respectively decay into the SM quarks and charged
8
φ−
lL(ν
0
L)
ν0RlL(e
−
L) e
−
R
〈HL〉 〈φ0〉
×
χ−L χ
−
R
Figure 1: The loop diagram generating the effective Dirac neutrino coupling, by which
the light neutrino mass is then achieved after developing 〈HL〉 and 〈φ0〉 successively.
lepton such as ξ → u + φ0, η → d + φ0, χ− → e− + φ0, and then the dark scalar φ0 can
further decay into the CDM pair such as φ0 → N0 +N0, therefore the mirror quarks and
charged lepton are completely decoupling and absence at the low-energy scale. Although
they can not be detected at the present colliders, we can search their decay products
through the high-energy cosmic rays. In addition, it can be seen from Eq. (9) that the
annihilation processes such as χ∓ + e± → N0 + N0 via the s-channel φ0 mediation are
gradually frozen as the universe temperature drops below Mχ, thus N
0 will decouple from
both the SM charged lepton and the mirror one, and then it disappears into the dark
sector.
The Yukawa couplings in Eq. (9) can inevitably generate an effective Dirac neutrino
coupling by the loop-diagram radiative effect, this process is shown as Fig. 1. Note that
χ− changes its chirality because of the Mχ insert in Fig. 1. The careful calculation gives
the following results,
L
eff
Neutrino =
√
2
vL
lTLYν ν
0c
RH
∗
Lφ
0 +H.c. ,
(Yν)αβ =
vL
16π2
√
2
∑
i
(YLY
∗
e Y3)αiMχi(Y
†
R)iβ(C0 − p2HLD11 + /pφ0/pHLD12 − /pνR/pHLD13)
≈ 1
16π2
∑
i
(YLM
†
eY3)αiMχi(Y
†
R)iβ
M2
φ−
f(
M2χi
M2
φ−
) ∼ 10−6 ,
C0[(plL − pHL)2, p2νR, p2φ0 , m2e,M2φ−,M2χi ] =
1
M2
φ−
f(
M2χi
M2
φ−
) ,
f(
M2χi
M2
φ−
) =
ln
M2χi
M2
φ−
M2χi
M2
φ−
− 1
−
i 2πΘ(
M2χi
M2
φ−
− 1)
M2χi
M2
φ−
∼ 1, (10)
where Mχi(i = 1, 2, 3) are the three mass eigenvalues of the mass matrix Mχ after it is
diagonalized, and Me =
vL√
2
Y Te is the charged lepton mass matrix (see the following Eq.
(11)). C0 and D1i are respectively the three-point and four-point functions of Passarino-
Veltman [18]. Because the D1i terms are much smaller than the C0 term, for example,
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p2HLD11 ≪ C0, we only calculate the C0 term and ignore all of theD1i terms in the neutrino
mass generation. Θ(x) is the step function, so Im[C0] =
−i2pi
M2χi
6= 0 only if M2χi > M2φ−.
Provided Mχ1 < Mχ2 < Mχ3 ∼ Mφ− ∼ 104 GeV and Me ∼ 1 GeV, then we can estimate
Yν ∼ 10−6, therefore, this effective neutrino coupling is very weak compared to those
couplings in Eq. (9).
The second step breaking in Eq. (7) is namely the electroweak breaking. 〈HL〉 gives
rise to the SM quark and charged lepton masses in Eq. (9), at the same time, the effective
neutrino coupling in Eq. (10) develops into the normal neutrino coupling through 〈HL〉,
thus the Yukawa couplings of the fermions further evolve into
LY
〈HL〉−−−→− uRMuuL − dRMd dL − e−RMe e−L + ν0TL YLe−Lφ+
− ξLMξ ξR − ηLMηηR − χ−LMχχ−R + ν0TR YRχ−Rφ+
+ uR Y1ξLφ
0 + dR Y2ηLφ
0 + e−R Y3χ
−
Lφ
0 +N0L YNN
0
Rφ
0 + ν0R Y
T
ν ν
0
Lφ
0 +H.c. ,
Mu = − vL√
2
Y Tu , Md =
vL√
2
Y Td , Me =
vL√
2
Y Te , (11)
where the normal neutrino coupling is naturally brought into LY . Below the electroweak
scale, the three light neutral particles N0, ν0R, φ
0 are basically separated from the rest of
the model particles, lastly ν0L will also decouple from the SM at the temperature of ∼ 1
MeV, thus all of them will eventually disappear into the dark sector.
The last step breaking in Eq. (7) is that the ZM2 parity is violated by 〈φ0〉 = v0 ∼ 0.1
MeV in the dark sector. As a result, this leads to light masses of N0 and ν0, and also tiny
mixings between the SM quark (charged lepton) and the mirror quark (charged lepton).
Now we can completely obtain all of the fermion masses from Eq. (11), namely
LY
〈φ0〉−−→− (uR, ξR)
(
Mu −v0Y1
0 M †ξ
)(
uL
ξL
)
− (dR, ηR)
(
Md −v0Y2
0 M †η
)(
dL
ηL
)
− (e−R, χ−R)
(
Me −v0Y3
0 M †χ
)(
e−L
χ−L
)
−N0LMNN0R − ν0RMν ν0L +H.c. ,
MN = −v0YN , Mν = −v0Y Tν . (12)
Under the mass eigenstate basis, the three mass eigenvalues ofMN are denoted bymNi(i =
1, 2, 3) and the ones ofMν are denoted by mνi(i = 1, 2, 3). Obviously, the mixings between
the SM quark (charged lepton) and the mirror quark (charged lepton) are very small
because of v0 ≪ vL ≪ vR, so they can completely be neglected. There is no mixing
between N0 and ν0 by virtue of the model symmetry protection, therefore both N0 and
ν0 are stable particles without decay. MN is close to v0 ∼ 0.1 MeV, whereas Mν is only
∼ 0.1 eV, so N0 + N0 can massively annihilate into ν0 + ν0 via the φ0 mediation but a
tiny part of them is left over. In short, N0 is authentically a sterile and stable WIMP, it
eventually becomes the CDM, while ν0 becomes the HDM in the present universe. We
will specially discuss the dark sector physics in Sec. IV.
In Eq. (12), the neutrino mass matrixMν embraces the full information of the neutrino
mass and mixing, which have mostly been measured by the experiments. Here we only
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work out the neutrino mass, regardless of its mixing. Provided that the Yukawa matrix
equalities in Eq. (3) are valid, then Yν excluding the factor f(
M2
φ−
M2χi
) is a Hermitian matrix
in Eq. (10), thus we can approximately derive the following results,
TrMν =
∑
i
mνi = −
v0
16π2
∑
i
(Y †RYLM
†
eY3)iiMχi
M2
φ−
f(
M2χi
M2
φ−
)
=⇒mνi ∼
v0mτMχi
16π2M2
φ−
|f(M
2
χi
M2
φ−
)| . 10−10 GeV, (13)
where mτ = 1.777 GeV is the largest eigenvalue ofMe, and we take (Y
†
RYL
M
†
e
mτ
Y3)ii ∼ O(1).
In view of Mχ3 ∼ Mφ− ∼ 104 GeV, so mνi is naturally Sub-eV. In conclusion, the model
can naturally and successfully explain the tiny neutrino mass origin. Obviously, this
mechanism is very different from a wide variety of seesaw ones [19].
Based on the discussions in this Section, we finally summarize that the full particle
mass spectrum in the model should be such relations as
mA = 0 < mνi . 0.05 eV≪ mN1 ∼ 0.01 MeV < (mρ0 , mN3) ∼ 0.1 MeV
< (Me,Mq) ∼ (10−3 − 1) GeV < (MWL,MZL,Mh0 ,Mt) ∼ 100 GeV
< Mχ1 ∼ (1− 10) TeV < (Mφ−,Mχ3 ,Mη,Mξ) ∼ (10− 102) TeV
< (MWR,MZR,MΦ0) ∼ 103 TeV. (14)
In the following Sections, we will also see that the mass relations of Eq. (14) can lead to
successful explanations for the matter-antimatter asymmetry and the CDM.
III. Baryon Asymmetry
In the model, the generation of the matter-antimatter asymmetry is directly associated
with ν0R decoupling and disappearing into the dark sector, in fact, it arises from the
following characteristic decays of the lightest mirror charged lepton χ∓1 which is the mirror
particle of e∓. In the light of the Eq. (9) couplings and the Eq. (14) spectrum, χ−1 with
several GeV mass has only two decay modes at the tree level, i) the two-body decay of
χ−1 → e− + φ0, which is dominant, ii) the three-body decay of χ−1 → ν0cR + lL + lL via the
heavier φ− mediation, which is suppressed. When the effective neutrino coupling in Eq.
(10) is taken into account, however, the three-body decay should also add a loop-diagram
contribute. Fig. 2 draws the tree and loop diagrams of χ−1 → ν0cR + lL + lL on the basis
of the couplings in Eqs. (9) and (10). In addition, it should be emphasized that the χ−1
decay processes completely conserve the Y ′ charge, the B−L number and the ZM2 parity,
so they can only fulfil the other two of the Sakharov’s three conditions [20].
The decay process of Fig. 2 has the following three characteristics. The first charac-
teristic is that the decay is a CP -asymmetric one, the decay rate of χ−1 → ν0cR + lL + lL
is different from one of its CP conjugate process χ+1 → ν0R + lcL + lcL due to the interfer-
ence between the tree-diagram amplitude and the loop-diagram one. The decay Feynman
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φ−
lL
ν0R
χ−1
e−R
ν0R
HL
lL
lL
χ−1
lL
φ0
Figure 2: The tree and loop diagrams of the lightest mirror charged lepton three-body
decay χ−1 → ν0cR + lL + lL. The heavy black vertex indicates the effective neutrino cou-
pling. This is a CP -asymmetric and out-of-equilibrium decay but the B − L number is
conserved. The decay results in ν0R decoupling and disappearing into the dark sector. As
a consequence, the B − L asymmetry in the SM sector and the −(B − L) asymmetry in
the dark sector are simultaneously and equivalently generated, the latter is namely equal
to the ν0R asymmetry, the former will be partly converted into the baryon asymmetry
through the electroweak sphaleron effect.
amplitude is calculated as follows,
|M |2 = m
2
12(M
2
χ1
−m212)
2M4
φ−
Tr[Y †LYL](Y
†
RYR)11 −
2m212m
2
23
M2
φ−
v2L
Re[Tr[YνY
†(Mχ1)C
∗
12]] ,
Yν =
∑
i
Y (Mχi)C0(Mχi) , Yαβ(Mχi) =
1
16π2
(YLM
†
eY3)αiMχi(Y
†
R)iβ ,
Im[C12(m
2
l , m
2
23,M
2
χ1
, m2e,M
2
HL
, m2φ0)] =
−iπ
M2χ1
[
1 +
M2HL
M2χ1
ln(1 +
M2χ1
M2HL
)
]
≈ −iπ
M2χ1
, (15)
where m212 = (pl + p
′
l)
2, m223 = (p
′
l + pνR)
2, and we specially define the functional matrix
Y (Mχi) to make concision of the expressions. In the Feynman amplitude, the first term
is pure tree-diagram result, the second term is the CP -asymmetric interference term.
Provided Eq. (3) being valid, then Y (Mχi) is a Hermitian matrix, thus the factor of
Tr[Y (Mχi)Y
†(Mχ1)] is certainly real in the interference term, but the C0 factor in Yν has
the imaginary part of Im[C0(Mχ3)] =
−i2pi
M2χ3
6= 0 in view ofMχ3 > Mφ− , see Eq. (10), which
becomes the only source of the CP -asymmetric decay, therefore, these two imaginary
parts of Im[C0(Mχ3)] and Im[C12] will jointly lead to a CP asymmetry of the decay rate.
In short, this mechanism of the CP asymmetry generation does not completely depend
on the CP -violating phases in the Yukawa matrices, it purely arises from the combined
radiative effect of the two loop diagrams in Fig. 1 and Fig. 2. Finally, the relevant decay
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rates and CP asymmetry are given as follows,
Γ[χ−1 → e− + φ0] =
Mχ1
32π
(Y †3 Y3)11 ,
Γ[χ−1 → ν0cR + lL + lL] =
Mχ1
768(2π)3
(
Mχ1
Mφ−
)4Tr[Y †LYL](Y
†
RYR)11 ,
Γtotal[χ
−
1 ] = Γ[χ
−
1 → e− + φ0] + Γ[χ−1 → ν0cR + lL + lL] ≈ Γ[χ−1 → e− + φ0] ,
ε =
Γ[χ−1 → ν0cR + lL + lL]− Γ[χ+1 → ν0R + lcL + lcL]
Γtotal[χ
−
1 ]
= − M
4
χ1
24v2LM
2
φ−
(Y †3 Y3)11
Tr[
Y (Mχ3)Y
†(Mχ1)
M2χ3M
2
χ1
]
∼ − m
2
τM
3
χ1
24(16π2)2v2LM
2
φ−
Mχ3(Y
†
3 Y3)11
, (16)
where the leading matrix elements of YL, YR, Y3 are all ∼ O(1) but these two elements of
(Y †3 Y3)11 and (Y
†
RYR)11 are only ∼ 10−6, and the trace of multiple matrix multiplication
is also ∼ O(1) in the last approximation. From Eq. (16), the three-body decay rate is
∼ 10−7 times smaller than the two-body one because of the twofold suppressions of the
phase space factor and the (
Mχ1
M
φ−
)4 factor. Provided (Y †3 Y3)11 ∼ 10−6, Mχ1M
φ−
∼ 0.1 and
Mχ3
M
φ−
& 1, then we can estimate ε ∼ 10−8, which is a suitable value for the successful
leptogenesis.
The second characteristic is that the decay is out-of-equilibrium, the three-body decay
rate is smaller than the universe Hubble expansion rate, namely
Γ[χ−1 → ν0cR + lL + lL] < H(T = Mχ1) =
1.66
√
g∗M2χ1
MP l
, (17)
where MP l = 1.22 × 1019 GeV, g∗(T ) is the effective number of relativistic degrees of
freedom. At the temperature of T = Mχ1, the relativistic states include all the SM
particles as well as the light dark particles φ0, N0, ν0R, so we can easily figure out g∗ = 123.5.
Note that the two-body decay is still in equilibrium since Γ[χ−1 → e−+φ0]≫ H(T = Mχ1).
The third characteristic is that the out-of-equilibrium decay directly results in ν0R
decoupling from the rest of the model and disappearing into the dark sector. As a con-
sequence of the above three characteristics, the Fig. 2 decay can simultaneously and
equivalently generate a B − L asymmetry in the SM sector and a −(B − L) asymme-
try in the dark sector which is namely equal to the ν0R asymmetry, but the total B − L
asymmetry is always vanishing in the whole universe. Note that N0 can not be generated
an asymmetry due to its unique coupling in the dark sector, so it is surely a symmetric
CDM.
After the χ± decays are finished, all of the mirror particles including ν0R are completely
decoupling. The generated B − L asymmetry in the SM sector can be partly converted
into the baryon asymmetry through the sphaleron process which is effectively put into
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effect above the electroweak scale [21]. Therefore, the relevant asymmetries normalized
to the entropy are given by the following relations [17],
Y SMB−L = −Y DSB−L = YνR =
nνR − nνR
s
= κ
−ε
g∗
,
YB = csY
SM
B−L, (18)
where cs =
28
79
is the sphaleron conversion coefficient in the SM sector, s is the total
entropy density in the SM and dark sectors, κ is a dilution factor. In fact, we can take
κ ≈ 1 because the dilution effect is almost vanishing as the universe temperature drops
below Mχ1 . In addition, it should be pointed out that the effective neutrino coupling in
Eq. (10) is more severely out-of-equilibrium due to the suppression of Yν
vL
∼ 10−8 GeV−1,
so it can not dilute these asymmetries in Eq. (18) at all. Below the electroweak breaking
scale, the sphaleron process is closed, thereby the baryon asymmetry is locked down. In
later time, the νR asymmetry and the νL one can partially be erased through the weak
normal neutrino coupling appearing in Eq. (11), but this has no effect on the baryon
asymmetry.
As the universe temperature drops to the electroweak scale, then the universe comes
into the SM epoch and the known evolutions, while the evolutions in the dark sector
will specially be discussed in the next Section. In the present-day universe, the baryon
asymmetry and its density are given by
ηB =
nB − nB
nγ
=
s(T0)
nγ(T0)
YB ≈ 6.1× 10−10 ,
ΩBh
2 =
mpηBnγ(T0)
ρc
h2 ≈ 0.0223 , (19)
where T0 ≈ 2.73 K is the present-day temperature of the CMB, nγ(T0) ≈ 411 cm−3 is the
photon number density, and s(T0)
nγ(T0)
= 3.6 is because only the photon is still relativistic
and the massive neutrino has become non-relativistic. mp = 0.938 GeV is the proton
mass, ρc = 1.054 × 10−5h2 GeV cm−3 is the critical energy density [1]. ηB ≈ 6.1 ×
10−10 is the current baryon asymmetry measured by the multiple experiments [1, 22], and
ΩBh
2 ≈ 0.0223 is the current baryon density [1]. In conclusion, the model can clearly and
successfully explain the origin of the baryon asymmetry through this novel leptogenesis
mechanism, in particular, the matter-antimatter asymmetry is generated just at the TeV
scale, so it is very possible to test this mechanism in the near future.
IV. Dark Sector Physics
As the universe temperature decreasing, the three neutral particles of N0, ν0R, φ
0 suc-
cessively decouple from the hot plasma and disappear into the dark sector, but they can
still interact with each other in the dark sector. Below the electroweak scale, there are
two portals connecting the dark sector and the SM one, by which the SM sector can
communicate with the dark one. One portal is the λ2 coupling term in the Eq. (4) scalar
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potentials. Provided 10−5 . λ2 . 10−3, the reaction rate of h0 + h0 ↔ φ0 + φ0 will be
smaller than the universe expansion rate when T . 10 GeV, refer to [23], thus this portal
is closed. The other one is the normal neutrino coupling in Eq. (11), by which the SM ν0L
is connected to the dark sector. However, at TD ≈ 1 MeV, ν0L also decouples from the SM
sector and disappears into the dark sector, it thus becomes the last member of the dark
sector. From that time on, the dark sector and the SM one are isolated from each other.
Below TD ≈ 1 MeV, the SM sector and the dark sector separately evolve without
communications, therefore the entropy in each sector is respectively conserved, we can
therefore derive the ν0 effective temperature such as
sDS(TD)a
3(TD)
sSM(TD)a3(TD)
=
sDS(T0)a
3(T0)
sSM(T0)a3(T0)
,
=⇒ g
DS
∗ (TD)
gSM∗ (TD)
=
gν∗ + g
N
∗ + g
φ0
∗
ge∗ + g
γ
∗
=
gν∗
gγ∗
(
Tν
T0
)3,
=⇒Tν
T0
= (
16
21
)
1
3 , Tν ≈ 2.49 K, (20)
where a(T ) is the scale factor of the universe expansion. At TD ≈ 1 MeV, the ZM2
symmetry is yet unbroken, so the dark particles are all massless states. At T = v0 ≈ 0.1
MeV, the ZM2 parity violation gives rise to the light masses of the dark particles, among
which only ν0 is still relativistic state. Here Tν ≈ 2.49 K is higher than Yν ≈ 1.95 K given
by the SM, this a prediction of the model.
On the basis of the last two terms of the third line in Eq. (11), the main evolutions
inside the dark sector are the following processes,
φ0 → N1 +N 1, N2,3 +N 2,3 → N1 +N1, N1 +N1 → ν + ν,
N1 +N1 → N1 +N1 , N1 +N1 → N1 +N 1 , N1 + ν → N1 + ν . (21)
φ0 can decay into N1+N1 only ifmφ0 > 2mN1 , so it is absence in the present-day universe.
However, Ni is stable without decay, its only way out is therefore Ni + N i annihilating
into a pair of lighter particles via the s-channel φ0 mediation, Fig. 3 shows the relevant
Feynman diagrams. Because of YN ∼ 1 ≫ Yν ∼ 10−6, the annihilation cross-section of
N2,3 +N 2,3 → N1 +N 1 is ∼ 1010 times larger than one of Ni +N i → ν + ν, namely, the
former is a very strong annihilation, whereas the latter has only a weak cross-section. As
a result, the heavier pairs of N2,3 +N 2,3 are wholly annihilating exhaustion so that they
are absence in the present-day dark sector, by contrast, the lightest pair of N1 +N 1 can
not completely be annihilating exhaustion, thus sizeable relics of them are left in the dark
sector, which are namely the CDM in the present-day universe. The second line in Eq.
(21) are all elastic scatterings via the φ0 mediation, whose implications will be explained
in the end of this Section.
When the temperature decreases to the freeze-out temperature, the annihilate rate
of N1 + N1 → ν + ν is smaller than the universe expansion rate, thus the annihilation
process is closed and their relic density is frozen in the dark sector. As a result, N1
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Figure 3: (a) N2,3 +N2,3 → N1 +N 1 has a very strong cross-section, so the heavier pairs
of N2,3 + N 2,3 are wholly annihilating exhaustion. (b) N1 + N 1 → ν + ν has a weak
cross-section, which exactly fits the “WIMP Miracle”, so the lightest pair of N1 + N1
can remain sizeable relics. Below the freeze-out temperature of Tf ∼ 1 KeV, N1 and
N 1 are non-relativistic decoupling and become the CDM, at the same time, ν and ν are
relativistic decoupling and become the HDM.
and N 1 are non-relativistic decoupling and become the CDM, at the same time, ν and
ν are relativistic decoupling and become the HDM. The annihilate cross-section and the
freeze-out temperature are calculated as follows,
Γ[N1 +N1 → ν + ν] = 〈σvr〉nN1 = H(Tf),
nN1(Tf ) = 2T
3
f (
mN1
2πTf
)
3
2 e
−mN1
Tf ,
〈σvr〉Tf = a+ b 〈v2r〉Tf = a + b
6Tf
mN1
,
a = 0, b =
∑
i
m2νi
128πv40(1− y)2
, y = (
mφ0
2mN1
)2,
=⇒mN1
Tf
=
1
x
≈ 11.4 + lnmN1(MeV)√
xg∗(Tf)
+ ln
〈σvr〉Tf (GeV−2)
10−10
,
for v0 ∼ 0.1 MeV, y ∼ 10, mN1 ∼ 0.01 MeV,
=⇒〈σvr〉Tf ∼ 5× 10−9 GeV−2,
mN1
Tf
∼ 10, (22)
where vr = 2
√
1− 4m
2
N1
s
is a relative velocity of N1 and N 1, 〈σvr〉Tf is the thermally
averaged annihilate cross-section, note that the s-wave contribution to it is vanishing,
namely a = 0. For these parameter values in Eq. (22), 〈σvr〉Tf is exactly a weak interaction
cross-section, which is namely the so-called “WIMP Miracle” [24], and then we can derive
the freeze-out temperature of Tf ∼ 1 KeV and g∗(Tf ) = gγ∗ + gν∗(TνT0 )3 = 10.
In the present-day universe, the density of the CDM consisting of N1 and N1 is cal-
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culated by the following equations [25],
ΩCDMh
2 = ΩN1+N1h
2 =
2mN1nN1(T0)
ρc
h2 =
0.87× 10−10 GeV−2√
g∗(Tf )x(a + 3bx)
≈ 0.119,
nN1(T0) =
g∗(T0)T 30
g∗(Tf )T 3f
nN1(Tf) . (23)
By use of a, b, x given in Eq. (22), we can correctly reproduce ΩCDMh
2 ≈ 0.119, which
is the current density of the CDM from the multiple observations [1, 26]. On the other
hand, the density of ν and ν as the HDM is given by the following relations,
ΩHDMh
2 = Ων+νh
2 =
nν(Tν)
∑
i
mνi
ρc
h2 ≈ 3.5× 10−3,
nν(Tν) = (
Tν
Tf
)3nν(Tf) =
1.2
π2
g′νT
3
ν ≈ 469 cm−3, (24)
where g′ν =
3
4
× 4 = 3 for one generation of massive Dirac neutrino. Here the neutrino
number density nν is about four times as large as nν ≈ 112 cm−3 given by the SM,
moreover, it exceeds nγ(T0) ≈ 411 cm−3. The above density value of the HDM neutrino
is another prediction of the model, see the following Eq. (26). However, both the CDM
N1 and the HDM ν are in the dark sector, they are isolated from the SM sector at the
low energy, so it is very difficult to detect them.
Finally, we explain implications of those elastic scatterings of the second line in Eq.
(21). In fact, N1 + N1 → N1 + N1 and N1 + N 1 → N1 + N1 imply a self-interaction
among the CDM via the φ0 mediation, these elastic scatterings can still in equilibrium
after the weak annihilation of N1+N 1 → ν + ν was frozen, therefore this self-interaction
can drive the distribution of the CDM with the frozen density and impact on the structure
formation, in particular, has effect on small scale structure of the universe [27], we will
specially discuss this problem in another paper. In addition, the elastic scattering of
N1+ ν → N1+ ν means a weak interaction between the CDM and the HDM, of course, it
is also frozen at Tf ∼ 1 KeV, so the CDM and the HDM are also isolated from each other
in the present universe. In conclusion, the model not only completely explains the origin
of the dark matter, but also sheds light on detections of the attractive dark universe.
V. Numerical Results and Model Test
We now demonstrate and summarize the model by some concrete numerical results.
All kinds of the parameters in the SM sector have essentially been fixed by the current
experimental data [1]. Some key parameters in the mirror sector, also including the dark
sector, can be determined jointly by the current data of the tiny neutrino mass, the baryon
asymmetry, and the CDM abundance. Based on a whole fit, the key parameters of the
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model are therefore chosen as follows,
vL = 246 GeV, vR = 10
6 GeV,
Tr(Y †LYL) = Tr(Y
†
RYR) = Tr(Y
†
3 Y3) = 1, (Y
†
RYR)11 = (Y
†
3 Y3)11 = 10
−6,
Mφ− = 2× 104 (5× 104) GeV, v0 = 0.05 (0.1) MeV, mN1 = 0.1v0 ,
Mχ1
Mφ−
= 0.135 (0.125),
Mχ2
Mφ−
= 0.176 (0.19),
Mχ3
Mφ−
= 3.62 (2.9),
mφ0
2mN1
= 3.78 (1.98),
(25)
where those values in the first two lines are fixed as benchmark, the last two lines are
two sets of typical values in the parameter space (the second set are inside brackets). For
the two sets of values of Mφ− and v0, firstly we can determine
Mχ3
M
φ−
and
Mχ2
M
φ−
by fitting
the two mass-squared differences of the neutrino, secondly
Mχ1
M
φ−
is determined by fitting
the baryon asymmetry ηB, lastly the ratio of
m
φ0
2mN1
is determined by the CDM density
ΩCDMh
2. It can be seen from Eq. (25) that mN1 is in the range of 5− 10 KeV, while Mχ1
is about 3 − 6 GeV. In short, all of the parameter values in Eq. (25) are consistent and
reasonable, moreover, without any fine-tuning, they are completely in accordance with
the model requirements and the previous discussions, see Eq. (14).
Now we substitute Eq. (25) into the previous relevant equations of the model, then
we correctly reproduce the following desired results,
mν1 = 0.0155 (0.0119) eV, mν2 = 0.0178 (0.0147) eV, mν3 = 0.0534 (0.0522) eV,
△m21 ≈ 7.52 (7.58)× 10−5 eV2, △m32 ≈ 2.54 (2.51)× 10−3 eV2,
Γ
H
= 0.427 (0.136), ηB ≈ 6.12 (6.07)× 10−10, ΩBh2 ≈ 0.0224 (0.0222),
ΩCDMh
2 ≈ 0.119 (0.119), ΩHDMh2 ≈ 0.00386 (0.00351), (26)
where △mij = m2νi −m2νj , and ΓH is the ratio of Γ[χ−1 → ν0cR + lL + lL] to H(Mχ1). These
values of Γ
H
are all smaller than one, this thus confirms that the decay is indeed out-of-
equilibrium which is a necessary prerequisite. Explicitly, all the results of Eq. (26) are
very well in agreement with the current experimental data [1]. In conclusion, only by
use of these simple and natural parameters in Eq. (25), the model can completely and
satisfactorily account for the three outstanding puzzles of the neutrino mass, the baryon
asymmetry, and the dark matter, so this sufficiently demonstrates that the model is very
successful and believable.
In the end, any particle theory has to be tested by experiments, here we simply discuss
several approaches to test the model. The heavy mirror particles can not be produced at
the present colliders, but we can search their decay products through high-energy cosmic
rays, for example, the searches for χ− → e− + φ0 and Z0R → e− + e+ or ν0L + ν0cL . The
latest news from DAMPE collaboration about the cosmic ray spectrum from 40 GeV to
100 TeV, refer to [28], may provide an opportunity for such searches. On the basis of
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Figure 4: (a) The pair production of the lightest mirror charged lepton at the future
e− + e+ collider with
√
s = 10 TeV, then the CP -asymmetric decay of χ±1 can generate
the SM lepton asymmetry. (b) The elastic scattering of the SM νL and the CDM N1,
by which νL is converted into the dark νR so that it escapes the detector. (c) The LFV
process of µ− → e− + γ through both χ−1 and φ0 mediation.
those couplings of the model, we can also test the model predictions and probe the dark
sector by the three feasible approaches shown as Fig. 4.
The (a) diagram shows that the lightest mirror charged lepton pair is directly produced
by the future e−+e+ collider with
√
s = 10 TeV such as ILC [29], then the CP -asymmetric
decay of χ±1 can further generate an asymmetric number of the SM lepton and anti-lepton
in the final states. Therefore this method can directly test the leptogenesis mechanism in
the model.
The (b) diagram shows the elastic scattering of νL +N1 → νR +N1 via the t-channel
φ0 mediation, note that the ν chirality is changed in this process. If a beam of the SM
α-flavor νLα is produced at the laboratory, on its way to the distant detector, its tiny part
can be scattered by the surrounding CDM N1 and converted into the dark right-handed
νR, thus they escape the detector, so we can detect the model dark sector by use of this
method. The scattering cross-section is given by
∑
β
σ[νLα +N1 → νRβ +N1] = (M
†
νMν)αα
64πv40E
2
νLα
f(EνLα),
M †νMν = UνL Diag(m
2
ν1
, m2ν2, m
2
ν3
)U †νL,
f(EνLα) =
t0∫
t1
dt
t(t− 4m2N1)
(t−m2
φ0
)2
, t0 = 0, t1 = −
4E2νLαmN1
2EνLα +mN1
, (27)
where EνLα is the νLα energy in the laboratory frame and UνL is the νLα mixing matrix
measured by the experiments. If we can use the electronic neutrino beam with EνLe = 1
MeV, then f(EνLe) ≈ −t1, thus we can estimate σ ∼ 10−10 GeV−2 provided v0 = 0.1
MeV and mN1 = 0.1v0, which is also a weak interaction cross-section, similar to one in
Eq. (22). Besides this scattering cross-section, the scattering rate depends on the local
density of the CDM N1, therefore we can learn the information of the dark physics such
as v0 and mN1 by means of measuring the νLe disappearance rate. In fact, the cosmic
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neutrino source is a better laboratory, for instance, we can detect the νL stream emitted
by a distant supernova, it will travel through the CDM in the galactic halo before it can
arrive to the earth, its tiny part will be scattering off and converted into the dark νR,
thus the νL stream which is eventually received is certainly less than the expected value.
This detection is very similar to one of the flavor oscillation of the solar neutrino. In a
word, this method can not only detect the dark sector physics, but also corroborate the
neutrino mass origin in the model.
The (c) diagram is a LFV process of µ→ eγ through both χ−1 and φ0 mediation. Its
branch ratio is estimated as ∼ 10−14 provided (Y †3 )12(Y3)11 ∼ 10−4, which is one order of
magnitude lower than the current limit [1], so this process is very promising to be detected
in the near future.
In short, the above suggestions can be considered as new subjects and goals of the
experimental physicists which are endeavoring to search new physics evidences beyond
the SM [5, 30]. Although it will be very large challenges to actualize them, it is not
impossible, moreover, its scientific significance is beyond all doubt.
VI. Conclusions
In summary, I suggest the left-right mirror symmetric particle model as the natural
and aesthetic extension of the SM. This model has the left-right symmetric gauge group
of SU(2)L × U(1)Y × SU(2)R, and also it conserves the global B − L number and the
discrete ZM2 matter parity. At the ∼ 106 GeV scale the SU(2)R breaking gives rise to
the heavy mirror particle masses, at the ∼ 0.1 MeV scale the ZM2 violating generates the
light dark particle masses, the SM electroweak breaking lies just between the two scale,
but the B−L number is always conserved. The tiny neutrino mass results from the weak
effective Dirac neutrino coupling which is generated by the loop diagram radiation. The
CP -asymmetric and out-of-equilibrium three-body decay of the lightest mirror charged
lepton can lead to the B −L asymmetry in SM sector and the νR asymmetry, the former
is partly converted into the baryon asymmetry through the sphaleron effect, the latter
disappears into the dark sector due to the νR decoupling. The dark sector consists of all
of the light neutral particles except the photon, note that νL eventually disappears into
the dark sector after it decoupling from the SM sector. The dark Dirac fermion N1 with
∼ 10 KeV mass is a desirable CDM candidate. N1+N 1 can annihilate into ν + ν via the
dark scalar φ0 mediating, the annihilation cross-section exactly fits the “WIMP Miracle”.
Below the freeze-out temperature of ∼ 1 KeV, N1 and ν are decoupling from each other,
respectively, become the CDM and the HDM in the present universe.
In short, the model can simply and completely account for the common origin of the
tiny neutrino mass, the baryon asymmetry and the dark matter, moreover, profoundly
uncover the internal connections among them. In addition, the model gives some inter-
esting predictions, for instance, the lightest mirror charged lepton mass is about several
TeVs, the dark physics scale is ∼ 0.1 MeV, the ν effective temperature is 2.49 K, the
HDM ν density is ∼ 3.5 × 10−3, and so on. Finally, I give several feasible approaches to
test the model by means of the TeV line collider, the neutrino experiments, the detection
20
for µ → eγ, and the search for high-energy cosmic rays. The fruitful mirror and dark
physics world are waiting for us to explore. In the near future, it is very possible that we
shall ushered in a new physics era beyond the SM and open the door of the dark universe.
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